Introduction
Thick layers of dilute nitride InGaAsN and InGaAsSbN grown on GaAs substrate are promising materials for high-efficiency multijunction solar cells applications. Indeed, the current world record triple junction solar cell using the lattice-matched configuration employs InGaAsNSb junction as bottom junction [1] and there is intense work worldwide to extend the application to four junctions. The advantage of InGaAsSbN over InGaAsN is the possibility to achieve longer wavelengths while keeping the structure quasi-lattice matched to GaAs and, more importantly, achieving superior optical and electrical quality. There are many reports on the effects of adding Sb in InGaAsN quantum wells (QWs) and it has been found that InGaAsSbN is a potentially superior material to InGaNAs for long wavelength laser applications [2] [3] [4] [5] [6] . It has been proposed that antimony acts as a reactive surfactant, with its atoms segregating on the growth surface and incorporating into the film in only dilute concentrations. The presence of Sb surfactant during molecular beam epitaxy (MBE) growth of dilute nitride semiconductors such as GaAsN dramatically reduces the surface roughness, improves the photoluminescence (PL) efficiency and increases the nitrogen incorporation efficiency [7] . Recently, improved carrier confinement and reduced Auger recombination have been envisaged for dilute nitride lasers based on InGaAsSbN QWs structures on InP substrates [8] .
In the context of solar cells, using Sb in either GaAsSbN alloys or InGaAsSbN allows tends to yield better carrier collection properties [9, 10] . However, there have been only few reports about the effects of adding Sb in thick InGaAsN layers that are needed for highly efficient solar cells, mostly limited to layers of 1-1.5 µm thickness [11, 12] . Similarly to InGaAsN, the InGaAsSbN material has an anomalous band structure due to N-related defects.
Many problems related to lattice matching, phase separation, crystal quality, and optical quality arise during epitaxial growth of the pentanary compounds, together with an increased difficulty in controlling and adjusting the composition [13] . It has been found that the layer properties dramatically depend on growth conditions. High background doping concentrations in MOCVD-grown layers have been obtained due to carbon incorporation [14, 15] . Depending on the Sb sources, the background concentration varies in a wide range. Multiple X-ray diffraction (XRD) peaks have been reported for some samples [15] , possibly indicating compositional phase separation. It has been found that after thermal annealing the PL intensity vastly increases. In MOCVD-fabricated solar cell structures with a relatively thin (250 nm) 1eV-InGaAsSbN base layer, efficiencies as high as 4.58% have been reported [16] .
In MBE grown InGaAsSbN layers the background doping density is significantly lower than that in InGaAsN materials. Solar cell structures based on InGaAsSbN materials have shorter lifetimes as compared to InGaAsN, but higher collection efficiency due to the larger depletion width, caused by lower background doping. The open-circuit voltage is somewhat degraded compared to InGaAsN devices [17] . Using realistic solar cell parameters for doubleand triple-junction solar cells, Aho et al. [18] have estimated the efficiency of a four-junction GaInP/GaAs/GaInNAs/Ge solar cell at AM1.5D 1-sun illumination to be over 36%.
In the case of MBE growth of InGaAsSbN on InP substrates it has been found that adding Sb improves the crystallographic quality of the thick dilute nitride layer and the PL peak shifts to longer wavelengths [19] . However, the PL intensity decreases, supposedly due to the influence of the growth conditions [19] .
Contrary to MOCVD and MBE the growth by liquid phase epitaxy (LPE) occurs at nearly thermodynamic equilibrium conditions and with higher growth rates. This allows obtaining thick layers of high quality material in terms of lifetime, mobility and freedom from defects, suitable for solar cell applications. In spite of this there have been few reports on Ga(In)AsN layers grown by LPE [20] [21] [22] [23] [24] and even fewer for the LPE-grown pentanary compound InGaAsSbN [25] . Therefore, it is important to study such materials by various complementary experimental techniques. In [25] we have presented initial PL and surface photovoltage (SPV) spectroscopy results obtained in thick InGaAsSbN layers grown by LPE. In the present work we extend our investigations in this field using XRD and spectroscopic ellipsometry, in addition to PL and SPV, together with theoretical calculations to get a deeper understanding of the effect of Sb in thick InGaAsN layers grown by LPE.
Experimental details
Dilute nitride epitaxial layers were grown by the horizontal graphite slider-boat technique for LPE on n-type (100) GaAs:Si (~10 High-resolution XRD was used for determination of the lattice parameter, strain and crystalline quality of the layers. The measurements were performed in the θ/2θ geometry on a Seifert XRD 3003 PTS diffractometer, which utilizes a parallel beam with monochromatic Cu Kα1 radiation (λ = 0.15406 nm, a 2-bounce Ge (220) crystal primary monochromator) and a scintillation detector.
Photoluminescence experiments used a Millenia V neodymium yttrium vanadate (NdYVO 4 ) laser emitting at 532 nm as excitation source. Light emitted by the samples was dispersed with a 0.5 m focal length spectrometer (Acton 2300i, Princeton Instruments) and detected with a Si photodiode. All PL measurements were performed at room temperature.
SPV spectra were recorded at room temperature applying the metal-insulatorsemiconductor operation mode of the SPV technique [26] . Details about the SPV experimental set-up and measurement procedure can be found in [27] . The probe electrode was a semitransparent SnO 2 film evaporated on the bottom surface of a quartz glass separated from the sample by a 15-µm thick mica sheet. The sample was illuminated by a 250 W halogen lamp along with a grating monochromator. The light was chopped at 94 Hz and the photon flux was kept constant (≈1.5×10 14 cm -2 s -1 ) for all wavelengths. Special care was taken to eliminate any effect on the measured SPV phase resulting from the electrical measurement circuit and from the reference signal of the optical chopper [27] .
Spectroscopic ellipsometry measurements were carried out by means of a Woollam variable angle spectroscopic ellipsometer. The ellipsometric angles ψ and Δ were measured in the range from 260 to1300 nm at incident angles of 65, 70 and 75 degrees.
Theoretical calculations
The band structures of InGaAs(Sb)N compounds were calculated using a semi-empirical [28] . The N-related parameters have shown a negligible dependence on the host material [28, 29] , therefore we have used for both the quaternary and the pentanary compounds the parameters from Ref. [28] . Band offsets, lattice constants, and other material parameters were taken from Ref. [30] . For calculating latticematched concentrations, the lattice constant of the alloys was assumed to depend linearly on the lattice constants of the binaries (Vegard's rule) [30] . Although in dilute nitrides many parameters have non-linear dependencies on concentration, the lattice constant generally follows Vegard's rule; deviations have been shown to arise under specific growth conditions far from equilibrium [31] .
The model parameters were carefully chosen to reproduce precisely the band structures of pure III-V binaries, alloys and dilute nitride compounds at low temperatures (~2K) [28, 29] .
To compare to room temperature measurements, a temperature correction was applied. In the absence of N, the properties of III-V alloys vary quasi-linearly depending on the alloy composition; thus, one can reasonably assume that the low (< 3%) Sb and In concentrations do not affect significantly the temperature dependence of the band gap. Therefore, we used the temperature correction (band gap difference between 2 K and 300 K) for dilute GaAs 1-x N x , which varies linearly from 100 meV for x = 0 to 70 meV for x = 0.5% [32] .
Results and Discussion

XRD
Typical HRXRD (004) scan spectra of InGaAsN and InGaAsSbN epilayers are displayed on figure 1. The analysis of the spectra has shown that better lattice matching is achieved for the quaternary InGaAsN layers -the lattice mismatch Da/a o is 0.20% and 0.16% for the samples with and without Sb. This is in accordance with the large atomic radius of Sb. From the above depicted values and the contents of In and Sb, the content of N is determined by means of Vegard's rule [2, 30] and the value 0.27 % is obtained for both types of samples. The use of Vegard's rule in the present case is justified by the low concentrations of In, Sb and N [31, 33] .
There is a shoulder in the InGaAsSbN related peak, which can be due to a local relaxation or local deviation from the chemical composition. [36, 37] . For example in the model from [36] , developed for low temperature PL, the power coefficient is 1 < k < 2 for freeand bound-exciton emission, while k is less than 1 for free-to-bound and donor-acceptor pair recombination. No free carrier recombination is considered. In [37] a model is proposed for room temperature PL of GaAs/AlGaAs multiple quantum wells, which leads to k = 1 for free exciton recombination and k = 2 for free carrier bimolecular recombination. This model assumes negligible equilibrium carrier densities and domination of non-radiative recombination. For dilute nitride alloys the integrated PL intensity has been studied as a function of the temperature [38, 39] , but we could not find studies on its excitation density dependence. Therefore to discuss this dependence in our case we use the model from [37] , which is for room temperature PL. We however take into account that the equilibrium electron concentration n 0 is of the order of 6-7´10 17 cm -3 , while the excess concentration of electrons Dn and holes Dp at the maximum applied laser power are assessed to be more than two orders of magnitude lower. The PL emission is given by B(n 0 +Dn)Dp, where B is the radiative recombination rate in cm 3 s -1 , and Dn << n 0 . If one neglect in a first approximation Dn, the emission term becomes Bn 0 Dp and its dependence on the light excitation density only comes from Dp, which is proportional to I exc . Therefore one should expect k = 1 in the dependence I PL ~ I exc k . The inset of figure 4 shows that k = 1. and extrapolate the straight line to find its x-intercept, which is assumed to be the band gap, E g .
Photoluminescence spectroscopy
Surface photovoltage spectroscopy
For the current sample E g = 1.324 eV and therefore the band gap shift DE g with respect to GaAs (E g =1.423 eV) is 99 meV. The same result (within the experimental error) is obtained by using Tauc plot assuming that SPV is proportional to the absorption coefficient. On the other hand, the PL peak for this sample is at 1.357 eV, i.e. at higher energy. Different samples were studied and the band gap shift DE g with respect to GaAs varies between 97 and 112 meV. These values are higher than the ones obtained in LPE grown quaternary InGaAsN layers [25, 41] . For all samples the band gap values determined from SPV measurements are lower as compared to those estimated from the PL peak position by some 32 -49 meV depending on the sample. [43] reported that the relation between the band gap values of GaAsN determined from absorption and from PL depends on the N content and the temperature. In particular they observed that for low N content (0.6%) the temperature dependences of the PL peak position and the absorption edge cross at a certain temperature and at 300 K the PL peak is at higher energy than the absorption edge energy. This was explained by thermal emission of carriers from localized states with increasing temperature and dominance of inter-band recombination at 300 K. Such "anti-Stokes" shift between absorption (SPV) and emission is observed also in our samples as stated above.
A tentative explanation of the observed discrepancies between the band gap energies obtained from SPV and PL results is presented below. It is well known that the N atoms in dilute nitrides give origin of a series of defect states, some of which are in the band gap [20, 21, 40] . The light intensity in the SPV experiment is much lower than that in the PL one.
With increasing photon energy, SPV probes first the defect states in the band gap near the conduction band and as a result gives a relatively low optical transition energy. On the other hand, under laser excitation, which is the case of the PL experiment, the defect states are quickly filled with electrons. It is reasonable to assume that these states are slower with respect to recombination (e.g because the electron has to overcome an energy barrier before recombination) than the extended states in the conduction band. This, together with the room temperature, facilitates the thermal emission from these states towards the conduction band.
Thus, the PL mainly probes states in the band (i.e. with higher energies), which are faster and more effective for emission. Therefore, the PL peak appears at higher energy than the band gap determined from SPV. The existence of a tail of defect states below the conduction band edge was evidenced in our previous papers on InGaAsN layers by the low-energy tail of the PL spectrum measured at 2K [24, 25, 41] . Figure 5b shows the SPV phase spectra of the InGaAsSbN sample and the GaAs substrate.
From them information about the alignment of the energy bands across the structure can be obtained as follows. The phase values are in the IV quadrant and their spectral behaviour is typical for the case of upwards energy band bending in the direction towards the surface [27] .
This indicates and an n-type doping of the layers, in accordance with the Hall measurements results and with our previous results on InGaAsN layers [24] . In addition, the phase values of the InGaAsSbN layer suggest that the energy band bending at the interface layer/substrate is also upwards. This is expected from the fact that under conditions without electrical contact between layer and substrate the Fermi level in the substrate is at higher energy than the one in the layer. At electrical contact electrons flows from the substrate towards the layer, which results in upwards band bending at the interface. The energy band alignment in the structure is schematically shown in the inset of figure 5b.
Spectroscopic ellipsometry
For the interpretation of the spectroscopic ellipsometric data, a three-layer model is used The present study contributes to a better interpretation of the experimental results obtained in LPE grown InGaAsNSb dilute nitrides and better understanding of their properties.
